Most molecular measures of inbreeding do not measure inbreeding at the scale that is most relevant for understanding inbreeding depression-namely the proportion of the genome that is identical-by-descent (IBD). The inbreeding coefficient F Ped obtained from pedigrees is a valuable estimator of IBD, but pedigrees are not always available, and cannot capture inbreeding loops that reach back in time further than the pedigree. We here propose a molecular approach to quantify the realized proportion of the genome that is IBD (propIBD), and we apply this method to a wild and a captive population of zebra finches (Taeniopygia guttata). In each of 948 wild and 1057 captive individuals we analyzed available single-nucleotide polymorphism (SNP) data (260 SNPs) spread over four different genomic regions in each population. This allowed us to determine whether any of these four regions was completely homozygous within an individual, which indicates IBD with high confidence. In the highly nomadic wild population, we did not find a single case of IBD, implying that inbreeding must be extremely rare (propIBD = 0-0.00094, 95% CI). In the captive population, a five-generation pedigree strongly underestimated the average amount of realized inbreeding (F Ped = 0.013opropIBD = 0.064), as expected given that pedigree founders were already related. We suggest that this SNP-based technique is generally useful for quantifying inbreeding at the individual or population level, and we show analytically that it can capture inbreeding loops that reach back up to a few hundred generations.
INTRODUCTION
Inbreeding, the mating of genetically related individuals, leads to genomic regions inherited identical-by-descent (IBD) from both parents to their offspring. Thereby recessive deleterious mutations within those regions become homozygous and fully express their deleterious effects, known as inbreeding depression (Keller and Waller, 2002) . Thus, inbred individuals are more often affected by recessive diseases (Campbell et al., 2007) , show poorer phenotypic traits and reduced fitness (reviewed by Chapman et al., 2009) .
The concept of identity-by-descent is important for understanding inbreeding depression, but it may also be confusing because, in any individual, most base pairs in its genome are homozygous due to common ancestry, often reaching back millions of generations. So, in a sense, most of the genome is 'IBD' (Powell et al., 2010) . However, such old coancestry is unproblematic, because it unlikely concerns a recessive deleterious mutation. Most recessive deleterious mutations persist in a population at low allele frequencies (because at higher frequencies they get selected against), and they do not persist for very long times (Li, 1975; Kiezun et al., 2013) , because rare alleles are frequently lost from a population even by genetic drift alone. Hence inbreeding depression does result from identity-by-descent, but only from the fraction of coancestry that is more recent than the respective deleterious mutation (Powell et al., 2010) . So how can we quantify this recent fraction of inbreeding in the complete absence of knowledge about deleterious mutations? Traditionally, this is done with pedigree information.
The pedigree-based inbreeding coefficient (F Ped ) has often been used to quantify the amount of inbreeding in an individual. F Ped is defined as the probability that the two alleles at any autosomal locus are IBD, or equivalently, as an individual's average proportion of the autosomal genome being IBD (Wright, 1922) . Here, IBD is defined with respect to a base population (the pedigree founders) in which all individuals are assumed to be unrelated (Powell et al., 2010) . F Ped usefully estimates inbreeding as the proportion of the genome being IBD, but it only captures the most recent inbreeding loops that are included in the pedigree, not the ones from when the common ancestor lived before the pedigree founders. Because of this, F Ped systematically underestimates the amount of IBD that leads to inbreeding depression (Broman and Weber, 1999) , since it will miss the causal recessive deleterious mutations inherited twice from a common ancestor that lived before the start of the pedigree (but still after the average deleterious mutation arose).
Several estimates of inbreeding have been proposed that do not rely on pedigree data, but use genetic markers instead (reviewed by Coltman and Slate, 2003) . In animal studies, microsatellites have usually been used as molecular markers to quantify individual heterozygosity, for example, as the percentage of loci within an individual that is heterozygous. Likewise, for populations, one can estimate the percentage of individuals that are heterozygous at any given locus or across a range of loci (multilocus heterozygosity). For instance, a heterozygosity of 80% means that 20% of the individuals are homozygous at a given locus. The disadvantage of this approach is that it remains unclear how many of these 20% are homozygous because of recent inbreeding and how many carry two different copies that are not closely related phylogenetically (that is, allozygous) but only happen to be the same by chance. In other words, a locus can be identical-by-state (IBS), but this does not necessarily mean it is IBD. Hence, IBS gives an approximate upper limit of the proportion of the genome being IBD (here 20%). To distinguish true IBD from IBS occurring due to chance, we need to inspect the information content of the flanking regions that surround a polymorphic site (Broman and Weber, 1999) . If a homozygous marker is surrounded by other markers, all of which are homozygous too, then this strongly indicates IBD, because the combined probability of all markers being homozygous by chance becomes very small.
In dense marker panels, genetic regions that are IBD stand out as tracts in which all markers are homozygous, so-called 'runs of homozygosity ' (ROH; McQuillan et al., 2008) and these can be used to quantify realized inbreeding (Broman and Weber, 1999) . Because microsatellites are usually not found at high density in a genome, ROH can be better detected with readily available single-nucleotide polymorphisms (SNPs), even though their allelic richness is lower and they are thus individually less informative (Broman and Weber, 1999) . Studies on humans suggest that when more than 50 neighboring SNPs are homozygous, one can safely infer IBD because IBS by chance is too unlikely to ever occur (Powell et al., 2010) . Across many generations, recombination between the neighboring markers will lead to the breaking up of haplotypes, making runs of homozygosity shorter, the longer back the common ancestor was (McQuillan et al., 2008) . As we will show in this paper analytically, such runs of homozygosity allow us to detect IBD arising from a shared ancestor up to a few hundred generations back, much longer than any pedigree information. We propose that this yields a better measure of inbreeding than F Ped , because it captures more of the relevant inbreeding events, while arguably still being on the safe side in that the majority of recessive deleterious mutations are older than those rather long inbreeding loops that are captured (Li, 1975; Fu et al., 2013) .
The aim of the present study is to demonstrate that the ROH-based method can be practically useful for quantifying the realized proportion of the genome that is IBD (propIBD) in both wild and captive animal populations. In the wild, when a study species is highly mobile, it is often impossible to compile a pedigree, so the amount of IBD can only be assessed molecularly. Also, in captivity, it is typically unknown how closely related the pedigree founders were, and by how much F Ped underestimates the levels of IBD that are responsible for inbreeding depression (Ruiz-López et al., 2009) .
First, we demonstrate the utility of this molecular method, using two available SNP data sets that had been designed for other purposes.
(1) For a wild population of highly nomadic zebra finches, where no pedigree can be compiled, we use SNP data from an association study (ongoing research by the authors), where 18 candidate genes are being examined. Unfortunately, only four of these genes contained enough SNPs (n = 56-75) to confidently infer the presence or absence of IBD at a locus within an individual and to exclude that IBS occurred by chance alone. Thus, this data set allows us to take four snapshots for every genotyped individual to assess how frequently IBD occurs in this large and presumably panmictic population (Balakrishnan and Edwards, 2009) , whose inbreeding levels are hitherto unknown (Zann, 1996) .
(2) For a captive population of zebra finches with a five-generation pedigree, we have data on 1395 SNPs spread widely across the genome that were genotyped for the purpose of quantitative trait locus mapping (Backström et al., 2010) . From this data set, we selected four genomic regions with a matching set of 56-75 SNPs, that allow us to infer IBD with confidence. In this case, however, the SNPs are spread over much larger genetic distances than in the candidate gene data set (on average 4 cM vs 0.07 cM in the wild population), such that recombination will break up the haplotypes after a few generations. While this prevents us from detecting IBD via long inbreeding loops, the outcome is still sufficiently striking to show the utility of the method.
Because both exemplary data sets comprise only four loci (or genomic regions) per individual, we can only assess the population-wide level of inbreeding, which is relevant, for example, for studies in conservation genetics (Jamieson et al., 2003) . However, we note that our method is also suitable to study between-individual variation in inbreeding, provided a sufficient number of genomic regions per individual has been genotyped.
Second, we estimate analytically for how many generations haplotypes persist before being broken up by recombination or altered by mutation. In other words, we estimate the average length of inbreeding loops that can be detected with our method.
MATERIALS AND METHODS

Study populations and sample collection
We collected blood samples from 948 wild adult zebra finches (480 females, 468 males) at Fowler's Gap, NSW, Australia, in two contiguous places (S 30°57′ E 141°4 6′ and S 31°04′ E 141°50′) between October and December 2010 and in April/ May 2011. More details on the study sites and catching procedure using a walk-in trap at feeders are given in Griffith et al (2008) and Mariette and Griffith (2012) . For a comparison of inbreeding estimates based on the ROH approach and the pedigree, we used data from 1057 individuals from a captive population held at the Max Planck Institute for Ornithology in Seewiesen, Germany. Pedigree information available for this study covered five generations (Backström et al., 2010; Schielzeth et al., 2011 Schielzeth et al., , 2012 . We calculated Wright's inbreeding coefficients using Pedigree Viewer v6.5 (Kinghorn and Kinghorn, 2010) and averaged them to get an average F Ped_5gen . Founders (hatched in 2001) were known to be related to each other, showing an average F Ped_18gen of 0.030 (calculated using Pedigree Viewer v5.1, for details see Forstmeier et al., 2004) , estimated from another 18-generation pedigree for the years 1985 -2001 (Forstmeier et al., 2004 , which however is not owned by the authors. In a small and closed population, the increase in inbreeding coefficients during the first generations is almost linear (Falconer and Mackay, 1996) so the two average inbreeding coefficients F Ped_5gen and F Ped_18gen can be summed to obtain a rough estimate of the inbreeding coefficient from a 23-generation pedigree.
SNP genotyping and quality assessment
For the wild population, an initial dense SNP panel (4 20 million SNPs) was discovered by sequencing a pooled non-barcoded sample of equal amounts of whole genomic DNA of 100 from the 948 individuals caught at Fowler's Gap with the Illumina HiSeq 2000 platform. The whole SNP discovery pipeline is described in the Supplementary Material.
In the course of an association study that will be described elsewhere, we genotyped all 948 wild-caught individuals at 685 SNPs located in 18 genes (10-75 SNPs per gene; Supplementary Table S2 and Supplementary Material) with an Illumina Infinium iSelect HD Custom BeadChip (Illumina Inc., Eindhoven, The Netherlands) on the Illumina iScan platform. Genotype quality was checked for each SNP (clustering of genotype calls, Hardy-Weinberg tests, the occurrence of heterozygous deletions (Ziegler et al., 2010; Gogarten et al., 2012) ) and we assessed the possible impact of genotyping errors on our results (for details see the Supplementary Material).
In the captive population, all individuals had previously been genotyped for 1395 SNPs using the Illumina GoldenGate Assay (Fan et al., 2003; Backström et al., 2010) . Since this SNP panel was originally designed to cover the whole Inbreeding in animal populations U Knief et al genome for quantitative trait locus mapping, the average physical marker spacing was much larger than in the wild birds (mean distance between neighboring SNPs ± s.d. = 701.5 ± 1117.5 kb vs 1.3 ± 4.6 kb, respectively). The genotype quality of these SNP calls had been checked previously and not a single inheritance error in our five-generation pedigree had been found (Backström et al., 2010) . Thus, here we assume no genotyping errors in these samples.
ROH-based estimation of population-level inbreeding
A large enough number of markers will, by chance alone, practically never be homozygous at the same time (Broman and Weber, 1999) . Because our SNP data are not phased and haplotype frequencies cannot be established with confidence, we used a simplifying approach to get an estimate of the realized population-level of inbreeding (propIBD).
In the wild population, we first selected genes that were covered with enough SNPs so that IBS would not occur by chance alone. We identified four genes with 56-75 SNPs via a selection procedure described in the Supplementary Material. In brief, the procedure estimates the probability that all markers in a gene would be IBS by chance, and we then picked the four genes with the lowest probabilities (P = 6 × 10 − 6 -7 × 10 − 5 , translating into μ = 0.01-0.07 individuals expected to be IBS by chance alone). Thus, we expected fewer than one individual to be IBS by chance alone (see Supplementary Material for details). The alternative approach is simply to pick all genes covered with more than 55 SNPs, which yielded the same four genes. Please note that this selection was only needed because our genetic data stem from work that was not specifically designed for estimating population-level inbreeding. If a study is designed specifically for estimating inbreeding, then we recommend genotyping at least 75 SNPs per genomic region (which is the maximum number of SNPs per region used in this study, Supplementary Table S2 ). Yet the precise number of SNPs needed depends on linkage between SNPs, their allele frequencies and genotyping failure rates.
For each of the four selected regions, we calculated propIBD as the proportion of individuals that were IBS (and hence likely IBD). The population-wide propIBD could in principle be estimated from a single genomic region-provided that a large sample of individuals is used-, because each region should theoretically have the same probability of becoming IBD. Empirically, however, there is variation in IBD among regions in a genome (Weir et al., 2006) . Because of that several regions should be used to estimate propIBD to minimize the impact of this variation (which could, for example, stem from a region being located within an inversion polymorphism that is the target of disassortative mating; Thorneycroft, 1975) . We calculated confidence limits for our estimated propIBD using Blaker's exact confidence interval (CI) (Blaker, 2000) for a binomial proportion with 0 successes (success = all homozygotes) and 3792 trials (4 regions × 948 individuals = 3792 trials) as implemented in Scherer (2013) .
In the captive population, windows containing an equal number of genotyped SNPs as in the selected four candidate genes and spanning the smallest genetic length were selected on chromosomes Tgu1 (67 SNPs, spanning 4.6 cM and 655 genes), Tgu1A (56 SNPs, spanning 4.0 cM and 476 genes), Tgu2 (75 SNPs, spanning 3.8 cM and 653 genes) and Tgu4 (62 SNPs, spanning 4.5 cM and 531 genes). Since these regions span around 4 cM, they will be broken up by cross-over events in roughly 4% of the meioses (1 cM is defined as an expected number of 0.01 cross-over events per meiosis). Hence, the true extent of IBD will be somewhat underestimated because cross-over leads to the loss of IBS for the entire genomic region even when a part of it is still IBD.
To obtain a 95% CI for our estimate of propIBD in captivity, we fitted a generalized linear model with the glm function in R (v2.15.3; R Core Team, 2013) . We used counts of completely homozygous individuals vs not completely homozygous individuals for each of the four regions (bound with the cbind function in R) as the response variable, and the intercept as the sole predictor. We specified a quasibinomial error distribution and a logit-link function, because the data were overdispersed. Since we used the logit-link function, we back-transformed (inverse-logit) the intercept and the 95% CI (estimated using the confint function in R), to obtain the estimate of propIBD and its 95% CI (which is equivalent to the average proportion of regions being IBS weighted by their sample sizes; Crawley, 2007) .
Persistence of ROH
To get an idea about the persistence of IBD segments over the course of many generations, we estimated the recombination rate per region in both populations from Backström et al (2010) and used the average of all four selected regions for our calculations (0.068 cM per 41.6 kb and 4.23 cM per 59.56 Mb for wild and captive populations, respectively). Because the zebra finch exhibits very low recombination rates in the center of its macrochromosomes (0.12 cM/Mb; Backström et al., 2010) , which is not representative of most other species, we also estimated the persistence of IBD segments for a more typical example, namely the chicken (Gallus gallus). We considered a hypothetical locus that is 65 kb long, such that 65 SNPs can easily be found in that region considering the observed diversity in the chicken genome (Wong et al., 2004) . This locus then spans 0.20 cM, given the genome-wide average recombination rate of 3.11 cM/Mb (Groenen et al., 2009) . The probability of persistence is then given as (1 − L/100) 2 × G where G is the number of generations and L is the length of a region in cM (see also Hayes et al., 2003) . We further assumed a mutation rate of 1.2 × 10 − 8 per nucleotide per generation (based on studies on humans; Kong et al., 2012) . The probability of persistence was then calculated as (1 − 1.2 × 10 − 8 ) nSNP*2*G where G is the number of generations and nSNP is the average number of SNPs genotyped within one region. The calculations show that the mutation rate had almost no effect on the overall persistence of IBD segments: in the absence of recombination, half of the IBD segments would persist for around 440 000 generations. Hence, uncertainty about the mutation rate in the species of interest is likely to be relatively uncritical. Figure 1 depicts the average heterozygosity calculated across 56-75 SNPs (depending on the region) for n = 948 wild and n = 1057 captive zebra finches. These averages are approximately normally distributed, and the left tail of the bell-shaped curve is sufficiently far from zero, indicating that IBS is not expected to occur by chance alone. Hence, individuals that are completely homozygous for a gene region strongly indicate IBD. The proportion of completely homozygous individuals (propIBD) is highlighted for each gene region in Figure 1 .
RESULTS
Estimates of probIBD in our study populations
Across the four genes from the wild population, we did not observe a single case that would indicate IBD, suggesting a complete absence of inbreeding (Supplementary Table S2 , Figure 1 , left panels). It is unlikely that genotyping errors were the cause of the absence of IBD regions, for two reasons. First, all four genes had at least two SNPs that were heterozygous in each individual. Second, those individuals with the least number of heterozygous SNPs per gene had ratios of allelic intensities for the heterozygous SNPs that were in the range of the heterozygous SNPs of the whole population (Supplementary Figure S2) . On the basis of these four genes, the estimated population level of propIBD was practically 0 (upper 95% confidence value = 0.00094).
For the captive population, the average pedigree-based inbreeding coefficient was F Ped_5gen = 0.013. However, pedigree founders were already related by an average F Ped_18gen of 0.030 (Forstmeier et al., 2004) . Thus, the birds from our captive population had an F Ped_23gen of approximately 0.030+0.013 = 0.043. On the basis of the SNPs from four selected genomic regions, the estimated realized propIBD for this population was 0.064 (95% CI = 0.036-0.102) (Supplementary Table S3 , Figure 1 
right panels).
Persistence of ROH Our calculations show that recombination events plus de novo mutations occur at such a low frequency that it should take 508 generations to break up 50% of the haplotypes that we assessed for IBD in the wild zebra finch population (markers spread over an average genetic length of 0.068 cM). For the captive zebra finch population, however, where our markers were spread over much larger genetic distances (about 4.23 cM), we estimate that 50% of the studied genomic regions would persist for only eight generations. We also estimated the persistence of a hypothetical region in the chicken genome, in which the recombination rate is considerably higher than in the zebra finch (Backström et al., 2010) . In such a-potentially more broadly applicable-hypothetical avian genome, 50% of the 65 kb haplotypes spanning 0.20 cM should persist for 171 generations.
DISCUSSION
We here propose a novel method to estimate inbreeding using ROH of molecular markers without the need for pedigree information, thus 
Frequency
Heterozygosity Figure 1 Each histogram shows the mean heterozygosity of every individual in a population for a particular gene region (four regions per population). The wild population (n = 948 individuals, a-d) contains no individual that is fully homozygous in any of the four gene regions (identical-by-state, IBS = 0). In contrast, between 2.8 and 11.0% of the 1057 individuals of the captive population (e-h) are fully homozygous in a given gene region indicating homozygosity by descent and hence inbreeding (dark bars). Gene regions are not the same between the two populations, but were matched for the number of SNPs genotyped per region. n = 67 SNPs for (a) RALDH2 and (e) Tgu1, n = 56 SNPs for (b) RALDH3 and (f) Tgu1A, n = 75 SNPs for (c) TGFBR2 and (g) Tgu2, n = 62 SNPs for (d) CTNNB1 and (h) Tgu4.
Inbreeding in animal populations
U Knief et al avoiding problems stemming from incomplete pedigree information and relatedness of pedigree founders. The method should not be confused with existing ROH methods that rely on sliding-window approaches to find stretches of markers that are IBS and use miscellaneous methods to discern IBS from IBD (Howrigan et al., 2011) . Because these previous methods try to identify every IBD segment within a single genome, they are influenced by variation in linkage disequilibrium and minor allele frequencies of SNPs across windows and tend to overestimate inbreeding when markers are not linkage disequilibrium-pruned before analysis (Polašek et al., 2010) . However, this is not the case for our method, because we focus on selected regions that are densely covered with SNPs and hence practically never become homozygous by chance alone (in all four examined regions in the wild zebra finch population together we expect less than 0.2 cases of IBS by chance alone among the 4 × 948 = 3792 cases and in the captive population less than 0.7 cases of IBS among the 3958 cases; Supplementary Tables S2 and S3 ). Thus, theoretically each such region in a genome becomes representative for the population-mean inbreeding and could be used interchangeably to estimate propIBD, if we assume no selection against homozygotes in a region or other special cases like inversion polymorphisms or targets of mate choice. To mitigate errors in population comparisons, normally, the same regions should be used to estimate propIBD in the different populations, which, however, was not possible in the present study because we utilized available SNP data rather than designing the genotyping for our purpose. Yet, reassuringly, all four comparisons (Figure 1 ) lead to the same conclusion. In the present study, the physical and genetic lengths of the regions were very different between the populations (42 kb and 0.07 cM in the wild vs 60 Mb and 4.2 cM in captivity). As a consequence of using SNPs that were widely spread over long distances, we could only capture rather short inbreeding loops in the captive population, because recombination will have broken up some of the regions studied, leading to an underestimate of propIBD. In that sense, estimates of propIBD are not quite comparable between our two data sets, but the conclusion that inbreeding is much more frequent in the captive than in the wild population only confirms the obvious, and the difference in estimated inbreeding coefficients should be highly conservative.
In the wild population, only four out of 18 genes analyzed could be used to reliably distinguish IBD from cases of IBS occurring by chance alone. These were the four genes with the most SNPs genotyped, emphasizing the need for a dense marker set to reliably infer IBD. Other factors that influence the reliable discrimination between IBD and IBS are population diversity, allele frequencies and linkage between SNPs (Gibson et al., 2006) . Australian mainland zebra finches exhibit exceptionally high levels of nucleotide diversity, rapid decay of linkage disequilibrium and high population recombination rates (Balakrishnan and Edwards, 2009) , making 56-75 SNPs sufficiently powerful to distinguish IBD from IBS. Although human population demography has been quite different from that of the zebra finch Howrigan et al (2011) suggested that similar marker densities were sufficient for IBD detection in humans.
In our wild study population, not a single individual was completely homozygous in any of the four selected genes, indicating that inbreeding in wild zebra finches is an extremely rare event. With such a low rate of inbreeding, recessive deleterious mutations are not effectively purged and are expected to accumulate in this large panmictic population (Bataillon and Kirkpatrick, 2000) . The severe inbreeding depression that has been observed in captive populations Forstmeier et al., 2012; Hemmings et al., 2012 ) is in line with such an accumulation of recessive deleterious mutations.
In the captive population, the estimated realized propIBD was 0.064. This value still underestimates the true realized inbreeding because cross-over will have broken up some of the tracts of homozygosity (50% decay after 8 generations). Figure 1 (right panels, especially e and h) shows a few odd cases with heterozygosityo0.1 but larger than zero (Tgu1: n = 21, Tgu1A: n = 13, Tgu2: n = 7, Tgu4: n = 40). These might represent IBD segments where just a few of the SNPs had recombined. Consistent with this interpretation, the heterozygous SNPs in those specific cases were not distributed randomly across the examined regions but were concentrated at one of the ends of the regions (data not shown).
In the captive population, there was more variation between regions in the percentage of individuals being IBD than expected by chance (we had to specify a quasi-binomial error distribution in our GLM). Specifically, fewer individuals than expected were IBD for chromosome Tgu2. A lack of homozygous individuals for chromosome Tgu2 had been shown previously in our population (Forstmeier et al., 2007) . This could result from non-random mating or be indicative of positive or negative selection. In any case, this emphasizes the need for using multiple regions to estimate population-level inbreeding to ensure against variation in IBD among regions due to evolutionary forces (for example, selection) or structural variants (for example, inversions). In particular, it also illustrates that comparisons of inbreeding levels between populations should normally be based on the same regions in a genome (Weir et al., 2006) .
PropIBD was substantially higher than F Ped from a 5-generation pedigree (F Ped_5gen = 0.013). Even when accounting for relatedness from another 18-generation pedigree, F Ped_23gen ≈ 0.030+0.013 = 0.043 was still lower than the estimated propIBD. This might be surprising because we estimated that 50% of the studied genomic regions would persist for only eight generations. However, both the pedigree and the propIBD estimate may be biased. On the one hand, some individuals have been introduced into the 23-generation pedigree in a later generation, which then are treated as founders, making the pedigree actually shorter and consequently biasing F Ped downwards (that is, 23 generations are the maximum, but not the average length of the pedigree). Furthermore, the founders of the 23-generation pedigree (maintained in a laboratory since 1985 and originating from the population of domesticated birds maintained by aviculturists in the United Kingdom for about one hundred years before that) must have been related to each other to some extent. Indeed, this seems inevitable when founding a captive population from other captive populations. Consequently, F Ped again underestimates the true levels of inbreeding. On the other hand, recombination within a studied region does not always break up the homozygous stretch of SNPs; if the cross-over happens at one end of the studied region the allelic state of the few affected SNPs might not change. Because of such cases, runs of homozygosity may persist for longer than the estimated eight generations. Finally, it should be noted that F Ped_23gen and propIBD were not significantly different (95% CI overlap).
Our calculations on the persistence of haplotypes assessed for IBD confirmed that our method is able to detect inbreeding loops that reach back in time much further than typical pedigree information obtained from wild animal populations. Even in organisms with high recombination rates like the chicken it should be possible to detect inbreeding loops over more than 100 generations with a sufficiently dense marker panel. From calculations of the mean age of a recessive deleterious allele in a population of constant size (Li, 1975) , it is reasonable to assume that in species with a sufficiently large effective Inbreeding in animal populations U Knief et al population size the majority of recessive deleterious mutations is much older than 100 generations. We mention this because if most such mutations had arisen only recently, this would undermine the utility of quantifying long inbreeding loops. Instead, this suggests that such long inbreeding loops that reach far back into the past are of importance to study the full extent of inbreeding depression. Thus, our method may be a useful tool in conservation genetics to assess the amount of population-level inbreeding in wild animal populations, even when pedigree information is available. We here show the utility of our method for a large, outbred wild population as well as for a captive population with moderate levels of inbreeding, which could serve as an example for a bottlenecked population under conservation efforts. For future empirical or modelling studies, it would be interesting to assess the utility of our method for populations with high levels of inbreeding, in which the background heterozygosity might not be normally distributed anymore.
Our study suggests that inbreeding can be reliably quantified in a population using ROH based on high-density SNP genotyping without the need for pedigree data. It should be noted that individual variation in inbreeding could also be measured with our method, for example, by genotyping 80 regions each covered with approximately 75 SNPs (that is, a 6k SNP array, yet the exact number of regions and SNPs might depend on the species, research question and marker characteristics). Among others, the false-positive rate of our method decreases with the number of SNPs assessed for a ROH, whereas the false-negative rate increases with the genetic distance covered by the SNPs. Consequently, each region should span only a short genetic distance to detect all relevant stretches of IBD that may cause inbreeding depression.
Only F Ped and ROH-based methods measure inbreeding at the scale that is most relevant for understanding inbreeding depressionnamely the proportion of the genome that is IBD. Even if pedigree data are available, the proposed method can identify cases of inbreeding that reach back many more generations than are typically covered by pedigree information. This may be of particular interest because recessive deleterious mutations persist in a population over many more generations than covered by the available pedigrees. Highdensity SNP genotype data from a large number of individuals are necessary, but these are increasingly becoming available in wild animal populations, for example, through candidate-gene based association studies.
